New Ti-based bulk glassy alloys were synthesized in a multi-component alloy system of Ti-Cu-Ni-Al-Zr-Si-B. In a wide composition range of Ti > 50 at%, single-phase glass rods with diameters up to 2.5 mm were prepared using a conventional copper-mold casting method. The new Ti-based glassy alloys show compressive strength above 1900 MPa. The plastic (serrated) strain under compression is lager than 0.01. The new Ti-based glass phase exhibits relatively high thermal stability with a large supercooled liquid region (ÁT x ) above 50 K. These glassy alloys, however, exhibit complex crystallization behavior characterized by multiple exothermic-reaction peaks on their differential scanning calorimeter (DSC) curves. The glass-forming ability of this complex system is discussed on the basis of knowledge available for bulk glass formation.
Introduction
Bulk metallic glasses (BMGs) are candidate materials for special structural use owing to their high strength, relatively low Young's modulus and high corrosion resistance. 1) Among BMGs, titanium-based glassy alloys have attracted great attention not only because of the advantages mentioned above but also due to their low density and low cost. A few Ti-based BMGs with Ti concentrations higher than 50 at% have been synthesized. [2] [3] [4] The Ti-based BMGs developed to date, however, either contain toxic element (such as beryllium), 4) which prevents them from practical applications, or are brittle in bulk form. 5) Therefore, it should be of scientific and technological interest to synthesize a new Tibased BMG free of toxic elements, but with both high specific strength and certain ductility.
However, this can be painstaking due to the lack of a predictive theory for glass-formation, irrespective of the fact that amorphous alloys have been studied for over 40 years since the first discovery in Au-Si system. 6) Empirical and semi-empirical criterions for achieving high glass-forming ability (GFA) are effective guidelines for the search of metallic glasses. A favorable condition for amorphous formation in metallic system is first suggested by Turnbull et al. in the early 1960s. 7) They pointed out that the amorphous alloy composition was close to that of a very low melting eutectic point in the equilibrium phase diagram. This is a powerful guiding principle in the search for alloy systems susceptible to glass formation under quenching. The other useful empirical criterion known as the component rule of glass-type alloys was proposed by Inoue. 8) According to this rule, a unique stable supercooled-liquid-structure could be obtained when an alloy exhibits three compositional features: 1) multi-component consisting of more than three element, 2) significant atomic size mismatches (above 12% among the main three elements), and 3) negative heats of mixing among the main elements. Numerous BMG systems have been successfully found to follow the component rule. 1) The third rule that is the so-called topological model was proposed by Egami et al. 9) Based on a theory of atomic level stresses generated from atomic size mismatch in solid solution, Egami et al. proposed that an amorphous phase could be formed with more ease when alloyed with certain particular elements that lead to a topological instability of the crystalline lattice through changing the local atomic coordination number. They derived a functional relationship between the atomic size mismatch and the minimum solute concentration for amorphous formation in binary alloys, C B min :
where R A and R B are the atomic radii of the solvent A and the solute B, respectively. Recently, Senkov and Miracle have modified this topological model to include a multi-component system. [10] [11] [12] In addition to the criterions mentioned above, there are also those based on thermodynamic 13) and electronic 14) models. However, it is difficult to implement the thermodynamic and electronic models in the case of high order alloy systems because of the paucity of thermodynamic and interatomic reaction data. The component rule emphasizes that the central role of the alloying elements in the glass formability is to increase the stability of the supercooled metallic liquid. This rule help considerably in selection of alloying elements, but it fails to predict the atomic content for a special component. The topological model, on the other hand, indicates that the effect of alloying element on GFA is to destabilize the crystal structure. This rule roughly predicts the compositional region of alloying elements, but does not give the reasonable selection of special alloying elements.
In this paper, we combine the Inoue component rule with the Egami topological concept and the Turnbull eutectic composition criterions in the search for a new Ti-based glassy alloy. The thermal and mechanical properties of the newly formed Ti-based glassy alloys were also briefly described. 2) Ti-Ni-Cu-Si-B 3) and Ti-NiCu-Zr-Be. 4) This result suggests that the GFA of simple Tibased alloys is low. To improve their GFA, more complex alloying-addition is necessary.
Consideration of New Ti-based Glassy Alloys
In this study, we choose Ti-Ni-Cu as the basic system for the search of new Ti-based BMGs. This is mainly because a single glass phase with good ductility can be formed in a wide composition range of Ti > 50 at% in the Ti-Ni-Cu system by the melt spinning technique. 17) In addition, as shown in Table 1 , there is a great potential to further improve its GFA through adding appropriate alloying elements.
There are several choices of the alloying elements on the basis of the compositional and topological models. Table 2 lists some candidate alloying elements with the atomic radii, chemical valence and the heat of mixing (ÁH mix ). The calculated atomic ratio (R Ti =R) and the atomic radius mismatch (jR A À R Ti j=R Ti ) between Ti and the selected elements are also given here. Some possible elements satisfying the component rule, such as Be, Tl and Pb etc. are not considered in this study because of their high cost or environmental and ecological concerns. As can be seen in Table 2 , B, Si, Al, Ga and Sn are suggested by the component rule to be effective in increasing the thermal stability of a supercooled liquid and thus increasing the GFA, because these elements have large values of negative heats of mixing and large atomic size mismatches against Ti atoms. Whereas the Zr, Hf and Sc do not satisfy the component rule due to their zero or positive mixing heats with Ti. But based on the topological criterion, the elements with large atomic size are necessary to improve the GFA. 9) Experimental observations of atomic size distribution of many BMGs also suggest that these amorphous alloys typically have at least one alloying element with a smaller atomic radius and at least one alloying element with a larger radius relative to the base element. [10] [11] [12] Based on these observations, we choose one of the larger elements of Zr, Hf and Sc as the candidate alloying element. In this study, Zr was selected because of its relatively low cost compared to that of Hf and Sc. On the other hand, B and Si were selected due to their smaller atomic sizes compared to that of Ti. The atomic size of Al is similar to that of Ti and the density of Al is lower than that of Ti. The substitution of Ti with Al should further increase the specific strength of Tibased glassy alloy.
Therefore, we have narrowed down the search region in the complex system of Ti-Cu-Ni-Al-Zr-Si-B. As for the composition range of each element, we note that the addition of Si and B may cause an increase in brittleness of Ti-based glasses 7) and the addition of Zr may cause a formation of quaternary Laves phase (Ti-Ni-Cu-Zr), which decreases the GFA. 21) To alleviate the brittleness and the formation of Laves phase, the addition of B, Si and Zr should be maintained at a low level, being consistent with the suggestion of the topological model that the concentration of an alloying element decreases rapidly as the difference in the atomic size between the base element and the alloying element increases. Therefore, in the new Ti-based alloys, the concentrations of alloying elements are roughly determined in the range of Si < 5, B < 2 and Zr < 5%, respectively.
Experimental Procedures
Pure alloying element powders of Ti, Cu, Ni, Al, Zr, Si and B were used as the starting material. Alloy ingots with designed compositions were prepared by the conventional arc-melting method under a purified Ar atmosphere. Boron was first used to prepare pre-alloys with Ni and then arc melted together with other raw materials to ensure the compositional homogeneity of melted ingots. The weight loss of ingots was measured to be less than 0.1 weight %. It is therefore reasonable to believe that the composition of the melted ingots is consistent with the designed compositions. Ribbon samples were prepared from ingots by single-roller melt spinning in an Ar atmosphere and rod samples with various diameters (typical from 1 to 2.5 mm) were prepared by an injection casting method. The structures of the meltspun and cast rods were examined by X-ray diffractometry (XRD) and transmission electron microscopy (TEM). Their thermal stability (glass transition temperature, T g , crystallization temperature, T x ) and melting behavior (melting point, T m , liquidus temperature, T l ) were examined at a heating rate of 0.67 Ks À1 with a differential scanning calorimeter (DSC) and high-temperature differential scanning calorimeter (HT-DSC), respectively. Mechanical properties under compression of glassy rod-samples were investigated at an initial strain rate of 4 Â 10 À4 s À1 in ambient atmosphere by an Instron type machine.
Results

Effect of alloying elements and glass-forming region
It is known that the single addition of Zr and the simultaneous addition of Si and B increase the GFA of TiNi-Cu alloys.
5,21) Therefore, we give only a description of alloying effect on GFA in the more complex alloy system of Ti-Ni-Cu-Si-Al-Zr-B. In a number of glass-forming systems, there is a tendency that the more stable the supercooled liquid is, the higher the GFA. 1) We could roughly judge the alloying effect on the GFA by examining alloying effect on the thermal stability of a glassy phase. Figures 1(a) , (b) and (c) are DSC curves of Ti-Ni-Cu-based alloys added with Si, Zr, Al and B, showing the alloying effect on the thermal stability of glass phase. As can be seen, no distinct changes in the glass transition temperature, T g , and the crystallization temperature, T x , were observed on the DSC curves of Ti 56:5Àx Cu 25 Ni 15 Si 3 B 0:5 Zr x alloys when Si and B are fixed at 3 and 0.5 at%, respectively, while Zr (x) changes from 0 to 5%. This suggests that there is no significant change in the glassy structure by Zr addition. On the other hand, the T g and T x increase with increasing either Al content in the Ti 53:5 Cu 25 Ni 15 Si 3 B 0:5 Zr 3 Al x alloys (x changes from 0 to 5 at%) or B content in the Ti 53 Cu 22Àx Ni 12 Zr 3 Al 7 Si 3 B x alloys (x changes from 0 to 0.8 at%). These results suggest that the addition of Al and B atoms causes significant change in the local structure of the rapidly quenched glassy alloys.
Empirically, the alloys at or near the eutectic composition have relatively high GFA. Therefore, the next step of this study is to find out the eutectic point in the designed composition range, if it ever exists. Here, the nature of the composition (eutectic or not) was determined by examining the melting temperature and the melting temperature interval through HT-DSC experiments. Some HT-DSC curves are shown in Fig. 2 . As can be seen, these alloys exhibit the same melting temperature, suggesting that these alloys are on an invariant eutectic reaction area. Among them, the Ti 53 Cu 15 Ni 18 Al 7 Zr 3 Si 3 B 1 has the narrowest melting temperature interval, indicating that this alloy is located the nearest to the invariant eutectic point. To evaluate the GFA of this alloy, bulk samples in rod shape with different diameters were prepared by copper mold casting. XRD revealed that a single glass phase was obtained in the rods with diameters up to 1.5 mm. It is clear that the GFA of the complicated alloys is higher than that of the Ti-Ni-Cu base alloys. The BMG-forming region was determined around the eutectic point, which is shown in Fig 3. This is a pseudoternary (Ti-(AlZrSiB) 13:5 )-Ni-Cu diagram that the contents of Zr, Al, Si, and B are fixed at 3, 7, 3 and 0.5 at%, respectively. The composition regions in which bulk glass rods with diameters of at least 1 mm and 2 mm can be made by the injection casting method are presented here. It is noted that the largest GFA region is slightly off the eutectic point, which may be caused by non-equilibrium solidification.
Thermal analysis of the Ti-based glassy phase
Typical DSC curves of Ti 53 Cu 15 Ni 18:5 Al 7 Zr 3 Si 3 B 0:5 glassy alloys in the ribbon and rod forms are shown in Fig. 4 . It is seen that the Ti-based glassy phase undergoes the sequential structural changes of structural relaxation, followed by glass transition, supercooled liquid and then crystallization. The onset temperature of glass transition T g and the onset temperature of crystallization T x are 703 K and 765 K, respectively. The supercooled-liquid-region ÁT x is 62 K. The liquidus temperature of this alloy is 1237 K, thus the deduced glass transition temperature T g =T l is 0.57. The crystallization of this glassy phase takes place through multiexothermic reactions.
Mechanical properties
Two typical compressive stress-strain curves of the 
Discussion
The present results clearly show that the GFA of Ti-Cu-Ni alloys is greatly improved by the complex alloying additions, being consistent with the suggestion of several empirical criterions that increasing the number of elements involved would favor bulk metallic glass formation. 1, [10] [11] [12] Surprisingly, micro-alloying by boron exhibits great effect on the glass transition and crystallization behavior, which can be seen in Fig. 1(c) . The T g and T x increase with increasing boron content, though its absolute amount is small. The reason at an atomic scale is unclear at present. Two possible effects may be associated with the boron addition. One is that the metalloid boron has strong interaction with other atoms. The other is that the smallest boron increases the denserandom-packing of atomic configurations. All of them should entail a decrease in atomic mobility, and consequently an increase in glass transition temperature and crystallization temperature.
Another important fact, though not emphasized and detailed here, is that the substitution of Zr with Hf or Sc having a similar atomic size to Zr does not deteriorate the GFA. On the contrary, the substitution of Zr with Nb or Ta having a similar chemical property to Zr greatly decreases the GFA. This suggests that the atomic size plays more important role in GFA as compared with chemical nature.
Summary
GFA has been investigated in a complex alloy system of Ti-Cu-Ni-Al-Zr-Si-B. BMGs have been synthesized out of this system. In a wide composition range of Ti > 50 at%, full glassy-phase rods with diameters up to 2.5 mm were prepared using the copper-mold casting method. The enhanced GFA compared to the Ti-Ni-Cu ternary system is attributed to the complexity of the high-order alloy composition. The new Tibased glassy alloys exhibit compressive strength higher than 1900 MPa and plastic (serrated) strain lager than 0.01. The Ti-based glassy phase also shows high thermal stability with a supercooled liquid region (ÁT x ) larger than 50 K. These glassy alloys, however, exhibit complex crystallization behavior characterized by multiple exothermic-reaction peaks on their DSC curves.
